Galactic electron and positron properties from cosmic ray and radio
  observations by D. GrassoINFN, Pisa et al.
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE
Galactic electron and positron properties from cosmic ray and radio observa-
tions
D. GRASSO 1 , G. DI BERNARDO 2, C. EVOLI 3 D. GAGGERO 4,5, L. MACCIONE 6,7
1 Istituto Nazionale di Fisica Nucleare, Sezione di Pisa, Largo B. Pontecorvo, I-56127, Pisa, Italy
2 Department of Physics, University of Gothenburg, SE 412 96 Gothenburg, Sweden
3 II. Institut fu¨r Theoretische Physik, Universita¨t Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany
4 SISSA, Via Bonomea 265, 34136 Trieste, Italy
5 Istituto Nazionale di Fisica Nucleare, Sezione di Trieste, Via Valerio, 2, I-34127, Trieste, Italy
5 Max-Planck-Institut fu¨r Physik (Werner-Heisenberg-Institut),Fo¨hringer Ring 6, D-80805 Mu¨nchen
7 Ludwig-Maximilians-Universita¨t, Arnold Sommerfeld Center, Theresienstraße 37, D-80333 Mu¨nchen.
dario.grasso@pi.infn.it
Abstract: We perform a consistent modeling of cosmic ray electrons, positrons and of the radio emission of the
Galaxy. For the time we reproduce all relevant data sets between 1 GeV and 1 TeV including the recent AMS-02
positron fraction results. We show that below few GeV cosmic ray and radio data require that electron primary
spectrum to be drastically suppressed and the propagated spectrum be dominated by secondary particles. Above
10 GeV an electron + positron extra-component with a hard spectrum is required. The positron spectrum measured
below few GeV is consistently reproduced only within low reacceleration models. We also constrain the scale-
height of the cosmic-ray distribution showing that a thin halo (zt <∼ 2 kpc) is excluded.
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1 Introduction
The latest few years have led to impressive progress in the
knowledge of the leptonic component of Galactic Cosmic
Rays (CR). This was achieved mainly thanks to a set
of successful experiments which measured the absolute,
combined and relative spectra of electrons and positrons in
space or in the high atmosphere. Those direct measurements
of CR electrons and positrons (CRE), however, face two
major limits: 1) they are local measurements which may not
be representative of the physical conditions in the rest of
the Galaxy; 2) below ∼ 20 GeV solar modulation reshape
CR spectra respect to their local interstellar spectra (LIS).
Possible low energy spectral features which may reveal new
physics, either related to astrophysical acceleration or to
dark matter may, therefore, be hidden.
Radio observations, by measuring the synchrotron emis-
sion produced by electrons and positrons from the entire
Galaxy offer a valuable complementary probe of the inter-
stellar spectra and spatial distribution of those CR species.
The interpretation of those measurements requires a proper
modeling of their injection, propagation and losses in the
Galaxy.
In this contribution we will summarize the main results
obtained by comparing radio and cosmic rays data with the
predictions of numerical models of the electron and positron
propagation and secondary production in the Galaxy per-
formed with the DRAGON package 1 [1].
Respect to our previous result presented in [2] here we
tune our model against e− PAMELA data rather than on
e−+e+ spectrum measured by Fermi-LAT. We also account
for the recent AMS-02 positron fraction (PF) results [3]
and perform a solar modulation charge dependent treatment
[4] which allows to explain the different low energy results
obtained by several experiments.
2 Synchrotron and cosmic ray electron
spectra: a consistent model
In this section we discuss under which conditions the
observed e− and e+ spectra and their fraction can be
modeled consistently with the diffuse Galaxy radio emission
between 10 MHz and few GHz. We notice that in that
frequency interval absorption due to free-free scattering is
negligible and that the diffuse radio emission of the Galaxy
is almost entirely due to the synchrotron radiation of CR
electrons and positrons propagating in the Galactic magnetic
field (GMF).
For the GMF regular component we adopt here a recent
model [5] which is based on a wide and updated compilation
of Faraday rotation measurements. Concerning the random
component ~Bran, we assume it to fill a thick disk with a
vertical profile and a scale height zt from the Galactic plane.
Differently from previous analysis, where the diffusion
coefficient D was assumed to be spatially uniform in the
thick disk, we assume D(z) ∝ B−1ran(z) as expected from
quasi linear CR diffusion theory. Concerning its the rigidity
dependence, we assume D(ρ) = D0 βη
(
ρ
ρ0
)δ
with β
being the particle speed in units of c.
We consider a representative set of models with different
choices of the parameter δ , of the scale height zt and of the
Alfve`n velocity setting the re-acceleration strength, which
we report in Tab.1. Those models have been tuned to repro-
duce the observed B/C and proton spectrum measured by
PAMELA with a low χ2. Different models, however, predic-
t quite different secondary electrons and positrons spectra.
We will see that this property can actually be used to reject
some among the most commonly used propagation setups.
For what concerns CR leptons, PAMELA [7, 8] , Fermi-
1. http://dragon.hepforge.org/.
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Model δ vA(km/s) η γ0(e−) γ(e±)
PD 0.6 0 -0.4 1.2/2.5 1.75
KRA 0.5 15 -0.4 1.2/2.5 1.75
KOL 0.33 34 1 1.2/2.5 1.75
Table 1: The main parameters of the models considered
in this work. The reported values of γ0(e−) refer to E
smaller/larger than 4 GeV. For each of those setups we
considered several value of the scale height zt which amount
to a proper rescaling of D0.
LAT [9] and AMS-02 [3] PF results require an e± extra-
component of the form J(e±) ∝ E−γ(e±) exp(−E/Ecut),
with Ecut ' 1 TeV to be introduced. Above 10 GeV, we tune
the background and extra-component spectral indexes to
consistently match the e− spectrum measured PAMELA
[6] and the PF measured by AMS-02 (which agrees with
PAMELA between 10 and 250 GeV). Below that energy,
we set the source spectral index of the e− background com-
ponent requiring that the predicted synchrotron spectrum
agrees with radio observations.
Similarly to what done in [2] we use here a 2-dimensional
version of DRAGON which adopts a CR distribution in-
variant for rotations about the Galactic disk axis. This is
well suited to model the CRE propagation below 10 GeV
where energy losses can be neglected. At larger energies
the spiral arm distribution of astrophysical sources cannot
be neglected since the energy loss length become compa-
rable, or smaller, than the solar system distance from the
closest arms. In [10, 11] this problem was addressed using
a 3-dimensional upgrade of the DRAGON code. Below few
hundred GeV and for the purposes of this work, however,
this effect just amounts to a softening of the electron spec-
trum which can be effectively compensated by an hardening
of source spectrum respect to that determined with the 2D
code. Noticeably, such a hardening helps reconciling our
models with Fermi acceleration theory and radio observa-
tion of SNRs.
For each CRE model we compute the synchrotron e-
mission at different frequencies by performing, for a giv-
en position in the sky, a line of sight integral of the syn-
chrotron emissivity as given in Eq. (3.1 and 3.2) of [2].
Then we use HEALPix 2 to properly average the resulting
flux over the sky regions 40◦ < l < 340◦, 10◦ < b < 45◦
and −45◦ < b<−10◦where l and b are Galactic longitude
and latitude respectively. This is the region where the con-
tamination from point-like and local extended sources is
expected to be the smallest. In this region we compare the
simulated spectra with the ones measured by a wide set of
radio surveys at 22, 45, 408, 1420 , 2326 MHz as well as
WMAP foregrounds at 23, 33, 41, 61 and 94 GHz as con-
sistently catalogued in [12].
From Fig.1 it is evident that radio data are incompatible
with a single power-law electron spectrum. Rather, we find
that e− broken source spectra characterized by the spectral
indexes reported in Tab.1 provide very good descriptions
of radio data. A relevant consequence of the break in the
e− spectrum is that below few GeV the e− flux (see Fig.2),
hence the radio spectrum below 100 MHz (see dotted lines
in Fig.1), are dominated by secondary particles offering a
probe of the interstellar proton spectrum. Noticeably, for the
low reaccelerating models (PD and KRA) a single power
law proton spectrum which agrees with that measured by
Fig. 1: The average synchrotron spectra in the region
40◦ < l < 340◦, 10◦ < b< 45◦ computed for the reference
propagation setups PD (black lines), KRA (blue) and KOL
(red) defined in table 1 are compared with experimental
data derived from [12]. For each setup we show the spectra
obtained with (solid lines) and without (dashed line) the
spectral break in the e− source spectra given in table 1. Dot-
ted lines represent the corresponding contribution of sec-
ondary e− and e+. The random component field strength
is tuned to reproduce the spectrum normalization at 408
MHz. The required normalization is Bran(0) = 7.6 µG. The
critical synchrotron frequencies, calculated for this value of
Bran(0), are reported for a few reference values of the elec-
tron energy. Microwave data above 20 GHz are expected to
be contaminated by non-synchrotron emission. Therefore
they only provide upper limits to the synchrotron flux and
are shown here only as a reference.
Experiment A α λ0 (AU)
AMS-01 +1 10◦ 0.4
PAMELA +1 10◦ 0.4
AMS-02 -1 60◦ 0.15
Table 2: The heliosphere parameters during the PF measure-
ments of AMS-01, PAMELA and AMS-02 experiments.
PAMELA [13] below few hundred GeV reproduces very
well all data sets.
We then check if the low energy electron spectra tuned
to reproduce radio data are compatible with direct CR
measurements, namely with the e− spectrum measured by
AMS-01 [14] and PAMELA [6] as well as the PF measured
by PAMELA [7, 8] and AMS-02 [3]. We do that by treating
solar modulation as described in [4]. This involve three
main parameters: the solar magnetic field polarity A; the
current sheet tilt angle α and the particle mean free path
normalization λ measured in astronomical units. The values
of those parameters during the data-taking periods of the
relevant experiments are reported in Tab.2.
From Fig.4 we see as the PF and e− spectrum are
consistently reproduced under those condition for the PD
and KRA models. Rather, strong re-acceleration models
2. http://healpix.jpl.nasa.gov.
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Fig. 2: The e− computed for the reference propagation setup
PD (black lines), KRA (blue) and KOL (red) defined by the
parameters in table 1 and zt = 4 kpc are shown together with
a selection of experimental data sets. Continuos and dashed
lines represent modulated (AMS-01 time) and interstellar
(LIS) spectra respectively. The dotted lines correspond to
the secondary contributions to the LIS spectra.
(KOL model here) produce too much secondaries e+ at low
energy and are clearly incompatible with AMS-02 data.
3 The vertical distribution of CR electrons
To determine the vertical (perpendicular to the Galactic
plane) extension of the CR diffusion region is one of the
main goals in modern astroparticle physics. This quantity is
crucial not only for conventional CR physics but also for
dark matter (DM) indirect search since the local flux of DM
decay/annihilation products is expected to depend signifi-
cantly on it (see [15] for a recent analysis). Generally this
quantity is constrained on the basis of CR radionuclides, on
the 10Be/9Be ratio most commonly. This approach, howev-
er, is seriously affected by the uncertainties related to the
local distribution of sources/gas, and by solar modulation.
The synchrotron emission of the Galaxy offers a much
more direct probe of the scale height zt . First of all we
notice that, when a realistic vertical distribution is adopted
for the radiation interstellar field and for the GMF, energy
losses in GeV energy do not affect significantly the CRE
vertical distribution which is determined by diffusion and
therefore coincides with that of CR nuclei (see Fig. 5 in
[2]).
We consider two main independent methods to constrain
zt : 1) In [2] we used DRAGON to show as radio data imply
a tight relation Brmsran (z = 0) ∝ z
−1
t . Then we exploit this
relation to constrain zt under the condition that the random
GMF fulfills the observational result Brmsran (z= 0) = 6.1±
0.5 µG [16]. This turns into the constraints zt > 4(3) kpc
at 3(5)σ (see Fig. 5) for an exponential vertical profile of
the random MF and zt > 3(2) kpc at 3(5)σ for a Gaussian
profile. In the latter case we also get the upper limit zt <
9 kpc at 3σ . 2) We also constrain our models against the
vertical profile of the synchrotron emission latitude profile
(see Fig.6). This is similar to what done in [17] where,
however, only an unrealistic step-like profile was adopted
for the magnetic field and diffusion coefficient. Furthermore,
Fig. 3: The e+ spectrum. The line notation is the same as
for Fig.2. PAMELA data have been derived (without error
propagation) from the positron fraction and the e− spectrum
released by the same collaboration.
Fig. 4: The PF is compared with experimental data. The
color notation is the same as for Fig.2. Solid (dot-dashed)
lines refer to AMS-02 (AMS-01) data taking periods.
we performed this comparison in a different sky region
(100◦ < b< 40◦) where the effects of local radio sources is
minimal. We found in this way that values zt <∼ 2 kpc are
excluded at 99 % C.L. We notice that the previous analysis
were performed for KRA models whose parameters, for
each value of zt , were tuned to minimize the combined χ2
respect to the B/C and proton data. Different propagation
models allowed by experimental data would result in very
similar constraints.
4 Conclusions
We showed that diffuse radio emission of the Galaxy can be
used to determine the low energy tail of the interstellar elec-
trum spectrum. While above few GeV this is consistent with
the direct measurements performed by AMS-01, PAMELA
and Fermi-LAT, below that energy, where those results are
affected by solar modulation, a pronounced spectral harden-
ing is required. As a consequence the electron and positron
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Fig. 5: The normalization of the random GMF is plotted
against its vertical scale height (an exponential vertical
profile is adopted for this figure). The 3(5) σ regions
allowed by RM data are represented in gray (light-gray).
Red dots are our results obtained under the condition that
KRA models reproduce the observed synchrotron spectrum.
The black line is a B2ran ∝ 1/zt fit of those points. The
fits computed for the other setups considered in this work
superimpose to that line.
spectra below that energy are dominated by secondary parti-
cles. We then showed that using a proper treatment of solar
modulation, which accounts for the complex and time de-
pendent structure of the magnetic fields in the heliosphere,
the time dependent PF measured by CAPRICE, AMS-01,
PAMELA and AMS-02 can consistently be reproduced. PF
data above 10 GeV require to introduce a new electron of
positron primary component with a spectral index ∼−1.75.
This is lower than determined on the basis of pre-AMS-02
results. The absolute positron spectrum measured by some
of those experiments is also correctly described though only
by low reacceleration models. This conclusion is in agree-
ment with [19] and it strengthens the results of our previous
analyses based on antiprotons [18].
We also investigated the vertical extension of the CRE
distribution by means of two independent methods. Our
results imply a lower bound on the scale height of this
distribution zt > 2 kpc and favor even higher values. We
notice that our constraints on zt have relevant implication
for the constraints on DM annihilation cross section based
on the CR antiproton spectrum.
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